Abstract Vasoactive intestinal polypeptide (VIP) and pituitary adenylate cyclase-activating polypeptide (PACAP) are expressed in the neural pathways regulating the lower urinary tract. VIP-immunoreactivity (IR) is present in afferent and autonomic efferent neurons innervating the bladder and urethra, whereas PACAP-IR is present primarily in afferent neurons. Exogenously applied VIP relaxes bladder and urethral smooth muscle and excites parasympathetic neurons in bladder ganglia. PACAP relaxes bladder and urethral smooth muscle in some species (pig) but excites the smooth muscle in other species (mouse). Intrathecal administration of VIP in cats with an intact spinal cord suppresses reflex bladder activity, but intrathecal administration of VIP or PACAP in rats enhances bladder activity and suppresses urethral sphincter activity. PACAP has presynaptic facilitatory effects and direct excitatory effects on lumbosacral parasympathetic preganglionic neurons. Chronic spinal cord transection produces an expansion of VIP-IR (cats) and PACAP-IR (rats) in primary afferent axons in the lumbosacral spinal cord and unmasks spinal excitatory effects of VIP on bladder reflexes in cats. Intrathecal administration of PACAP6-38, a PAC1 receptor antagonist, reduces bladder hyperactivity in chronic spinal-cord-injured rats. These observations raise the possibility that VIP or PACAP have a role in the control of normal or abnormal voiding.
Introduction
Vasoactive intestinal polypeptide (VIP), a 28-amino acid peptide, and pituitary adenylate cyclase-activating polypeptide (PACAP), which exists as two alternatively spliced forms , are members of the secretin/glucagon/vasoactive intestinal polypeptide super family of neuropeptides (Arimura 1992; Pantaloni et al. 1996) . PACAP and VIP bind to three types of G-proteincoupled receptors (PAC1, VPAC1, and VPAC2). PACAP has a high affinity for all three types of receptors, whereas VIP has a high affinity for VPAC1 and VPAC2 (Arimura 1998; Vaudry et al. 2000) . Activation of all three subtypes of receptors stimulates adenylate cyclase and increases the production of cAMP, while activation of PAC1 can also stimulate phospholipase C and associated downstream signaling pathways (Sherwood et al. 2000; Laburthe et al. 2002) .
PACAP and VIP are widely distributed in the peripheral nervous system in primary afferent and autonomic efferent neurons innervating various peripheral organs such as the pancreas, gastrointestinal tract, the eye, and the urogenital tract (Arimura and Shioda 1995; Fahrenkrug and Hannibal 1998a, b; Reubi 2000; Laburthe et al. 2002; Hernández et al. 2006a, b) . The peptides are also contained in neurons in the central nervous system. This paper will review the expression and functions of VIP and PACAP in neural pathways controlling the lower urinary tract.
Anatomy and Innervation of the Lower Urinary Tract
The storage and periodic elimination of urine are dependent upon the activity of two functional units in the lower urinary tract: (1) a reservoir (the urinary bladder) and (2) an outlet consisting of the urethra and striated muscles of the external urethral sphincter (EUS, Fig. 1 ). The urinary bladder is divided into two parts (body and base), each composed of several layers: serosal, muscle, lamina propria, and urothelium.
The lower urinary tract is regulated by three sets of peripheral nerves: sacral parasympathetic (pelvic nerves), thoracolumbar sympathetic (hypogastric nerves and sympathetic chain), and somatic nerves (pudendal nerves) distributed bilaterally (Fig. 1) . These nerves consist of efferent and afferent axons originating at thoracolumbar and sacral spinal levels (de Groat 1986; Jänig and Morrison 1986; Häbler et al.1990 ). Sacral parasympathetic efferent nerves provide an excitatory cholinergic input to the bladder smooth muscle and a nitric-oxide-mediated inhibitory input to the urethral smooth muscle. Lumbar sympathetic nerves provide a noradrenergic inhibitory input to the bladder and excitatory input to the urethra. Somatic cholinergic nerves excite the EUS.
Afferent axons in the pelvic and pudendal nerves arise from neurons located in the dorsal root ganglia (DRG) at Fig. 1 Diagram showing the sympathetic, parasympathetic, and somatic innervation of the urogenital tract of the male cat. Sympathetic preganglionic pathways emerge from the lumbar spinal cord and pass to the sympathetic chain ganglia (SCG) and then via the inferior splanchnic nerves (ISN) to the inferior mesenteric ganglia (IMG). Preganglionic and postganglionic sympathetic axons then travel in the hypogastric nerve (HGN) to the pelvic plexus and the urogenital organs. Parasympathetic preganglionic axons which originate in the sacral spinal cord pass in the pelvic nerve to ganglion cells in the pelvic plexus and to distal ganglia in the organs. Sacral somatic pathways are contained in the pudendal nerve, which provides an innervation to the penis, the ischiocavernosus (IC), bulbocavernosus (BC), and external urethral sphincter (EUS) muscles. The pudendal and pelvic nerves also receive postganglionic axons from the caudal sympathetic chain ganglia. These three sets of nerves contain afferent axons from the lumbosacral dorsal root ganglia. U ureter, PG prostate gland, VD vas deferens caudal lumbosacral levels (L6-S3), whereas those in the hypogastric nerves originate in the caudal thoracic-rostral lumbar (T11-L2) segmental levels (de Groat 1986; Jänig and Morrison 1986; Yoshimura and de Groat 1997a; Fig. 1) . The bladder is innervated by two types of afferent axons (small myelinated Aδ and unmyelinated C-fiber axons) that are distributed throughout the bladder wall (Uemura et al. 1973; Gabella and Davis 1998) from the serosal layer to the urothelium. The majority of the afferents (70%) innervating the rat bladder are of the Cfiber type (Nadelhaft and Vera 1991; Yoshimura et al. 2003) . The density of afferent innervation is greater in the bladder base than in the bladder body.
Distribution of VIP and PACAP Containing Neurons and Nerves in the Lower Urinary Tract
VIP and PACAP immunoreactivity (IR) has been identified at various sites in the neural pathways to the lower urinary tract in many species. Although there are some differences between species, peptide-IR has been detected in: (1) axons and varicosities in the bladder wall (Gu et al. 1984; Mattiasson et al. 1985b; Lasanen et al. 1992) , (2) neurons and axons in bladder autonomic ganglia (Kawatani et al. 1985b) , (3) lumbosacral dorsal root ganglion cells (Kawatani et al. 1985c de Groat 1986; Keast and de Groat 1992; Vizzard 2000a; Zvarova et al. 2005) , and (4) primary afferent projections to the dorsal horn and the region of the parasympathetic nucleus in the lumbosacral spinal cord ( Fig. 2 ; Kawatani et al. 1985c; Zvarova et al. 2005) In the bladder, VIP/PACAP-IR nerves have been detected in all regions and layers of the bladder, but are most dense in the bladder base and in a sub-epithelial plexus (Gu et al. 1984; Mattiasson et al. 1985b; Crowe et al. 1996; Fahrenkrug and Hannibal 1998a, b; Mohammed et al. 2002; Zvarova et al. 2005) . PACAP-38-IR is more prominent than PACAP-27-IR. VIP/PACAP-IR nerves have also been identified in the smooth and striated muscle regions of the urethra in several species (Crowe et al. 1986b; Milner et al. 1987; Persson et al. 1995; Fahrenkrug and Hannibal 1998a; Radziszewski et al. 1996; Werkström et al.1998; Busacchi et al. 2004; Sienkiewicz et al. 2004) . In infants and young children, VIP is present in 40% of the intramural ganglion cells in the bladder neck (Dixon et al. 1997) where it is co-localized with tyrosine hydroxylase in 40% of the cells (Jen et al. 1996) and with neuropeptide Y in 90% of the cells (Dixon et al. 1997) . The intramural ganglion cells in the human bladder are surrounded by VIP-IR varicosities. In the pig, VIP-IR is co-localized with nitric oxide synthase (NOS)-IR in afferent and efferent nerves in the bladder base and urethra (Persson et al. 1995) .
In bladder ganglia of the cat, VIP-IR is present in 10-13% of the ganglion cells where it is co-localized with acetylcholinesterase, indicating that it is present in cholinergic neurons (Kawatani et al. 1985b ). The cat bladder ganglion cells are also surrounded by VIP-IR pericellular varicosities (Alm et al. 1980; Kawatani et al. 1985b ). These varicosities are not eliminated after transecting the pelvic and hypogastric nerves, indicating that they originate from neurons in the peripheral nervous system (Kawatani et al. 1985b) . VIP-IR is also expressed in a subpopulation of intramural bladder ganglion cells in the guinea pig (Crowe et al. 1986a; Werkström et al.1998 ) and in bladder ganglion cells in the major pelvic ganglia in the rat (Mattiasson et al. 1985b; Keast and de Groat 1989; Keast 2006) and mouse (Wanigasekara et al. 2003) where it is colocalized with choline acetyltransferase or NOS-IR Ling 1998, 1999) .
The afferent innervation to the lower urinary tract exhibits prominent VIP/PACAP-IR. A large percentage (42%) of pelvic afferent neurons in the cat exhibit VIP- Fig. 2 Camera lucida drawings of VIP-and substance P (SP)-IR at various levels of the lumbosacral and coccygeal spinal cord. Note that VIP-IR is present at all levels in Lissauer's tract and lamina I of the dorsal horn, but was most prominent in the sacral segments on the lateral side of the dorsal horn. SP-IR is distributed throughout laminae I-III at all segmental levels. Calibration bar=200 μm. Reproduced with permission from Kawatani et al. (1985a) IR, whereas only 10% of pudendal afferent neurons exhibit VIP-IR, indicating that VIP expression is greater in visceral than in somatic afferent pathways de Groat 1986 de Groat , 1989 . A similar conclusion emerged from an analysis of the segmental distribution of VIP-IR in the spinal cord of the cat (Basbaum and Glazer 1983; Kawatani et al. 1983 Kawatani et al. , 1986 Anand et al. 1983; Honda et al. 1983) , monkey (Gibson et al. 1984) , and human (Anand et al. 1983 ). These studies revealed that the sacral spinal cord has a markedly higher density of VIP-IR afferent nerves than other levels of the cord. This is consistent with the large population of VIP-IR afferent neurons that innervate the pelvic visceral organs. For example, in the cat, 30% and 70% of the bladder and uterine cervix afferent neurons, respectively, exhibit VIP-IR (de Groat 1989; Kawatani et al. 1990 ). In the cat, VIP is expressed in small-diameter sacral DRG cells and in the lumbosacral spinal cord (Fig. 2) is contained exclusively in unmyelinated axons (Morgan et al. 1999 ). Thus, VIP-IR is considered a marker for unmyelinated afferent nerves. In the spinal cord, the VIP-IR afferent axons have a distribution similar to that of bladder afferent projections labeled by anterograde tracing techniques . In the rat, VIP-IR is present in a smaller number of bladder afferent neurons (Keast and de Groat 1989) , and VIP-IR in the rat bladder is not reduced by treatment with capsaicin, the C-fiber afferent neurotoxin, indicating that it is present either in efferent nerves or in capsaicin-resistant afferent nerves (Fahrenkrug and Hannibal 1998a; Avelino and Cruz 2000) .
PACAP-IR in the rat lower urinary tract is mainly located in afferent nerves (Vizzard 2000a; Zvarova et al. 2005) . It is present in approximately 40% of small-diameter bladder dorsal root ganglion cells (Moller et al. 1993; Zvarova et al. 2005; Papka et al. 2006) and is co-localized with immunochemical staining for the capsaicin receptor (i.e., the transient receptor potential vanilloid receptor 1, TRPV1; Zvarova et al. 2005) or calcitonin-gene-regulated peptide (CGRP; Fahrenkrug and Hannibal 1998a, b) in axons in the bladder and with CGRP-IR in the urethra (Fahrenkrug and Hannibal 1998a) . Treatment of neonatal rats with capsaicin caused a marked reduction in PACAP-IR in all regions of the urinary tract (Fahrenkrug and Hannibal 1998a) , indicating that the peptide is contained in capsaicin-sensitive C-fiber afferent nerves. PACAP-IR nerves are in low density in the muscle layers of the rat bladder but are more prominent in the sub-epithelial plexus (Fahrenkrug and Hannibal 1998a; Mohammed et al. 2002) . PACAP-IR in the cat bladder has not been reported. Thus, in the cat, more attention has been focused on the role of VIP as a possible transmitter in bladder afferents, whereas in the rat, PACAP-27 or PACAP-38 have attracted the most attention as putative afferent transmitters.
Distribution of PACAP Receptors
In the rat bladder, PAC1 receptors are present in the smooth muscle and urothelium, whereas VPAC2 receptors are present only in the smooth muscle . VPAC1 receptors are present in the epithelium of the mouse urethra (Harmar et al. 2004 ). PAC1 and VPAC2 receptors are expressed in rat DRG and in the dorsal horn of the spinal cord . Alternative splicing of the PAC1 receptor gives rise to two splice variants (HIP and HOP). The HOP splice variant has been detected in bladder smooth muscle, urothelium, the sacral DRG, and the sacral spinal cord ).
Effect of VIP/PACAP on Smooth Muscle in the Lower Urinary Tract
The effects of VIP and PACAP on lower urinary tract smooth muscle vary in different species. In some species (cat, rabbit, pig, human, dog), VIP reduces basal tension as well as neurally and agonist evoked contractions in the bladder body (Larsen et al. 1981; Klarskov et al. 1984 Klarskov et al. , 1987 Kawatani et al. 1985b; Sjögren et al.1985; Callahan and Creed 1986; Hosokawa and Kaseda 1993; Ückert et al.2002) , bladder base (Hills et al. 1984; Klarskov et al. 1984 Klarskov et al. , 1987 Mattiasson et al. 1990; Hosokawa and Kaseda 1993) , and urethra (Andersson et al. 1983; Mattiasson et al. 1985a; Blank et al. 1986; Hashimoto et al. 1992 Hashimoto et al. , 1993 Hosokawa and Kaseda 1993; Ohnishi et al. 1997; Werkström et al.1997 ). On the other hand, in rat and guinea pig, VIP had no effect or a weak contractile effect on the detrusor (Andersson et al. 1988 (Andersson et al. , 1992 Igawa et al. 1993; Saito et al. 1993; Braas et al. 2006 ) and a relaxant effect on the urethral smooth muscle (Igawa et al. 1993; Werkström et al.1998 ). In the rat, PACAP-27 had weak or no relaxant effects on isolated bladder or urethral smooth muscle preparations in some studies (Ishizuka et al. 1995) , but in other studies ), PACAP-27 or PACAP-38 increased detrusor smooth muscle tone and enhanced the amplitude of nerve-evoked contractions. In the isolated mouse bladder, PACAP-27 and PACAP-38 increased basal tone, enhanced spontaneous contractions, and enhanced neurally evoked contractions (Herrera et al. 2006) .
In the pig, PACAP-38 and VIP relax the bladder neck by activating muscle VPAC2 receptors linked to the cyclic adenosine monophosphate-protein kinase A (cAMP-PKA) pathway and involve activation of voltage-gated K channels. Two additional mechanisms that contribute to the smooth muscle relaxation include: (1) activation of facilitatory PAC1 receptors located on capsaicin-sensitive afferent terminals which induces the release of nitric oxide, an inhibitory agent that relaxes smooth muscle and (2) activation of presynaptic inhibitory VPAC receptors at autonomic nerve terminals (Hernández et al. 2006a, b) . PACAP-27 or PACAP-38 also relax urethral smooth muscle in the pig (Werkström et al. 1997 ).
Effects of VIP/PACAP on Autonomic Ganglia
The presence of VIP-IR in ganglion cells in the bladder wall and in the pelvic plexus or in pericellular varicosities around ganglion neurons in the bladder stimulated interest in the effects of VIP on ganglionic transmission. In vivo experiments revealed that intra-arterial administration of VIP to bladder ganglia of the cat enhanced muscarinic ganglionic transmission and postganglionic firing induced by a muscarinic agonist (Kawatani et al. 1985b) . VIP also suppressed muscarinic inhibition in bladder ganglia, but did not alter nicotinic transmission or the inhibitory effects of norepinephrine, leucine enkephalin, or gamma-aminobutyric acid (GABA). The facilitatory effects of VIP persisted in chronically decentralized ganglia and were not blocked by nicotinic receptor antagonists, indicating that they were due to a direct effect on the ganglion cells. The studies raised the possibility that intra-ganglionic pathways containing VIP may exert a selective modulatory influence on muscarinic transmission in bladder ganglia (Kawatani et al. 1985b) .
Subsequent in vitro experiments revealed that VIP elicited a depolarization of neurons in cat sympathetic ganglia (Kawatani et al. 1985a ) and cat bladder ganglia (Akasu et al. 1986 ) as well as in hamster submandibular parasympathetic ganglia (Suzuki 1992) . In bladder and submandibular ganglia, the depolarizing effect of VIP was associated with the generation of spontaneous action potentials in quiescent neurons, was resistant to tetrodotoxin, and was mediated by a block of a novel type of voltageinsensitive K channel.
PACAP-27 also elicited a depolarization and increased firing in guinea pig cardiac and hamster submandibular parasympathetic ganglia (Braas et al. 1998; Suzuki et al. 2003; Tomkins et al. 2007 ). The effects in cardiac ganglia were mimicked by electrical stimulation of preganglionic nerves and were reduced by PACAP6-38, a PAC1 receptor antagonist. These findings raised the possibility that endogenous PACAP-27 is a modulator of transmission in cardiac ganglia (Tomkins et al. 2007 ).
Effect of VIP/PACAP on Reflex Pathways in the Spinal Cord
The projections of VIP-IR and PACAP-IR afferent axons to the regions of the lumbosacral spinal cord containing interneurons and preganglionic neurons involved in the control of the lower urinary tract (de Groat et al. 1993 ) raised the possibility that these peptides might be transmitters in spinal pathways controlling micturition. Intrathecal administration of VIP at the sacral level of the spinal cord in the cat in doses ranging from 1 to 10 μg suppressed reflex bladder contractions (Fig. 3) and reflex firing on bladder postganglionic nerves. The effects appeared 2-5 min after injection and persisted for 5-30 min ). On the other hand, in rats, intrathecal administration of 10 μg of VIP during continuous infusion cystometry elicited excitatory effects that were evident as a decrease in bladder capacity and micturition volume and an increase in spontaneous bladder contractions (Igawa et al. 1993 ). However, in other studies (Tiseo and Yaksh 1990) Intrathecal administration of PACAP-27 dose-dependently (0.1-1 nmol/rat), in normal unanesthetized rats, decreased bladder capacity, decreased micturition volume, and increased micturition pressure. The effects appeared within 10 min, disappeared after 40 min, and were repeatable in the same rat (Ishizuka et al. 1995) .
Intrathecal administration of PACAP-38 was tested on reflex bladder activity in unanesthetized decerebrate rats under isovolumetric conditions and during continuous infusion cystometry (Fig. 4; Yoshiyama and de Groat 2008) . Under isovolumetric conditions, 30 μg of PACAP-38, but not lower doses (0.1-10 μg), significantly increased the amplitude of bladder contractions but reduced the frequency of the contractions. Because PACAP can also stimulate thoraco-lumbar sympathetic preganglionic neurons which could potentially inhibit bladder activity, PACAP was also tested after bilateral transection of the hypogastric nerves which contain the sympathetic inhibitory pathway to the bladder. Hypogastric nerve transection unmasked a bladder facilitatory effect of a lower dose (10 μg) of PACAP but did not significantly change the response to the higher dose.
During continuous infusion cystometrograms (CMG), PACAP was tested on bladder and external urethral sphincter (EUS) electromyographic (EMG) activity in animals with intact or sectioned hypogastric nerves (Yoshiyama and de Groat 2008). PACAP (10-30 μg) increased the amplitude of bladder contractions (18-43%) but reduced EUS EMG activity (68-100%; Fig. 4) . It was concluded that PACAP facilitated micturition by enhancing the parasympathetic excitatory pathway to the bladder and inhibiting the somatic excitatory pathway to the EUS (Fig. 5) . The excitatory effects on micturition appear to be countered somewhat by simultaneous stimulation of the sympathetic inhibitory pathway to the bladder.
The site and mechanism of action of PACAP on spinal micturition reflex pathways was explored using patch clamp recording in lumbosacral parasympathetic preganglionic neurons in spinal slice preparations from neonatal rats (Miura et al. 2001) . The experiments revealed that PACAP-38 had direct excitatory effects on the preganglionic neurons and enhanced excitatory input to the neurons, suggesting that it might act at several sites in the spinal micturition reflex pathway (Fig. 5) . In parasympathetic preganglionic neurons, PACAP-38 decreased the electrical threshold for triggering action potentials, increased the number of action potentials induced by depolarizing current pulses, increased input resistance, and suppressed a 4-aminopyridine-sensitive out- Fig. 4 The effects of intrathecal administration of PACAP-38 (30 μg i.t.) on reflex bladder activity (top trace) and EUS EMG activity (bottom trace) during continuous filling (0.21 ml/min) CMGs in a spinal cord intact decerebrate unanesthetized female rat with intact hypogastric nerves. Recordings on the left and right sides of the figure are separated by a time gap of 6 min. Each bladder contraction represents voiding. Note that PACAP-38 (injected at the arrow) produced a transient increase in peak micturition pressure and then produced a more prolonged 20-25% increase in pressure which was accompanied by a marked decrease in the EUS EMG activity. Vertical calibrations are intravesical pressure (IVP) in cm H 2 O and EUS EMG activity in pulses per second. EMG activity was recorded with a pulse height discriminator connected to a ratemeter. Horizontal calibration represents 5 min ward current. PACAP-38 also induced spontaneous firing and increased the frequency of spontaneous excitatory postsynaptic potentials in the presence of tetrodotoxin. Because excitatory synaptic inputs are mediated primarily by alpha-amino-3-hydroxy-5-methylisoxazole-4-proprionic acid and N-methyl-D-aspartic acid (NMDA) glutamatergic synapses (Araki and de Groat 1996) , it is proposed that PACAP-38 facilitates glutamatergic excitatory synaptic input to the parasympathetic neurons in addition to directly enhancing the excitability of the neurons by blocking K channels. PACAP-38 could act presynaptically to enhance the firing of excitatory interneurons, enhance glutamate release from interneuronal terminals, or act postsynaptically directly on parasympathetic neurons (Fig. 5) to enhance glutamatergic currents as noted in cortical neurons (Liu and Madsen 1997) where PACAP enhances NMDA-induced currents.
It is interesting that the VIP has an excitatory effect on peripheral bladder ganglion cells by suppressing K currents (Akasu et al. 1986 ), and PACAP also has an excitatory effect on spinal preganglionic neurons by suppressing K currents (Miura et al. 2001 ), although it is likely that different types of K channels are involved in the actions at the two sites. However, the facilitatory effects of PACAP on parasympathetic preganglionic neurons and cardiac ganglion neurons (Tomkins et al. 2007 ) to induce repetitive firing during depolarizing current pulses may be mediated by the same mechanism, i.e., by blockade of A-type K channels. PGN) . PACAP may function as an excitatory transmitter in bladder afferent neurons. The right side shows a putative inhibitory pathway that controls the activity of the external urethral sphincter (EUS). This pathway consists of an afferent limb arising in the bladder which synapses on an inhibitory interneuron (I-IN) which in turn makes inhibitory synaptic connections with an external sphincter motoneuron (EUS-MN) that provides the excitatory input to the EUS. The I-IN is thought to be located in the dorsal commissure region of the spinal cord. PACAP administered intrathecally could excite the bladder by activating E-INs or B-PGNs and could inhibit the EUS by activating I-INs. Excitatory pathways from the bladder to the EUS which mediate detrusor-sphincter dyssynergia and which are also prominent after spinal cord injury are not shown in the diagram. Plus and minus signs indicate excitatory and inhibitory synapses, respectively Fig. 6 Diagram showing the organization of the parasympathetic excitatory reflex pathway to the detrusor muscle. Scheme is based on electrophysiologic studies in cats. In animals with an intact spinal cord, micturition is initiated by a supraspinal reflex pathway passing through a center in the brain stem. The pathway is triggered by myelinated afferents (Aδ fibers) which are connected to the tension receptors in the bladder wall. Injury to the spinal cord above the sacral segments (X) interrupts the connections between the brain and spinal autonomic centers and initially blocks micturition. However, over a period of several weeks after cord injury, a spinal reflex mechanism emerges, which is triggered by unmyelinated vesical afferents (Cfibers); the A-fiber afferent inputs are ineffective. The C-fiber reflex pathway is usually weak or undetectable in animals with an intact nervous system. Capsaicin (20-30 mg, subcutaneously) blocks the Cfiber reflex in chronic spinal cats, but does not block micturition reflexes in intact cats. Intravesical capsaicin also suppresses detrusor hyperreflexia in patients with neurogenic bladder dysfunction The effect of PACAP to block reflex activity of the EUS is most reasonably attributed to an action on interneuronal mechanisms (Fig. 5) because PACAP-IR axons do not project directly into the EUS motor nucleus in the lumbosacral spinal cord. This inhibitory effect could be due to stimulation of interneurons located in the region of the dorsal commissure which provide an inhibitory input to EUS motoneurons ( Fig. 5 ; Blok et al. 1998; de Groat et al. 2001; Sie et al. 2001) . Immunohistochemical studies have revealed that this region exhibits low levels of PACAP-IR in rats (Zvarova et al. 2005 ) and VIP-IR in cats (Kawatani et al. 1985c) (Fig. 2) . Thus, endogenous PACAP could suppress EUS EMG activity by activating inhibitory interneurons which in turn release GABA or glycine at inhibitory synapses on the EUS motoneurons (Sie et al. 2001 ).
Role of VIP/PACAP Pathways in Lower Urinary Tract Dysfunction after Spinal Cord Injury
Micturition is mediated by activation of the sacral parasympathetic efferent pathway to the bladder and the urethra as well as reciprocal inhibition of the somatic pathway to the urethral sphincter. Studies in animals using brain lesioning techniques revealed that neurons in the brainstem at the level of the inferior colliculus (i.e., the pontine micturition center) have an essential role in the regulation of the bladder and sphincter (Barrington 1925; Kuru 1965; de Groat and Ryall 1969; Mallory et al. 1991; de Groat et al. 1993) . Bilateral lesions in the rostral pons in the region of the pontine micturition center or transections of the neuraxis at any point below the colliculi abolish micturition (Barrington 1925) , whereas electrical or chemical stimulation in the pontine micturition center triggers bladder contractions, sphincter relaxation, and micturition (Kuru 1965; Sugaya et al. 1987; Kruse et al. 1990; Mallory et al. 1991; Noto et al. 1991) . These observations led to the concept of a spinobulbospinal micturition reflex pathway that passes through the pontine micturition center which functions as "on-off" switch (Fig. 6; de Groat 1975) that is activated by a critical level of Aδ afferent activity arising from tension receptors in the bladder and is in turn modulated by inhibitory and excitatory influences from areas of the brain rostral to the pons (Torrens and Morrison 1987; de Groat et al. 1993) . Spinal cord injury (SCI) rostral to the lumbosacral level eliminates voluntary and supraspinal control of voiding, leading initially to an areflexic bladder and complete urinary retention followed by a slow development of automatic micturition and bladder hyperactivity (de Groat and Yoshimura 2006) . However, voiding after SCI is commonly inefficient due to simultaneous contractions of the bladder and urethral sphincter (i.e., detrusor-sphincter dyssynergia, DSD).
Electrophysiological studies in cats have shown that the recovery of bladder function after SCI is mediated by a change in the afferent limb of the micturition reflex pathway (Fig. 6) and remodeling of synaptic connections in the spinal cord. In chronic spinal cats, unmyelinated Cfiber afferents rather than Aδ afferents initiate voiding, and the spinal micturition reflex occurs with a short central delay (15 ms) in contrast to the long central delay (60 ms) of the reflex in cats with an intact spinal cord (de Groat and Ryall 1969; de Groat et al. 1981 ). This conclusion is supported by the finding that in chronic spinal cats, subcutaneous administration of capsaicin, a C-fiber neurotoxin, completely blocked reflex bladder contractions induced by bladder distention (Fig. 6) , whereas capsaicin had no inhibitory effects on reflex bladder contractions in spinal intact cats Cheng et al. 1999) . Thus, it is plausible that C-fiber bladder afferents which usually do not respond to bladder distention (i.e., silent Cfibers; Häbler et al.1990 ) become mechano-sensitive and initiate automatic micturition after spinal cord injury.
The effect of VIP which is contained in bladder C-fiber afferents in the cat (Morgan et al. 1999 ) is also changed after SCI. Intrathecal administration of VIP, which suppressed reflex bladder activity in cats with an intact spinal cord ( Fig. 3A and B) , enhanced or unmasked reflex bladder activity in chronic SCI cats (Fig. 3C) . In addition, C-fiber afferent projections to the sacral spinal cord exhibiting VIP-IR expanded and reorganized after SCI (Thor et al. 1986 ). This was evident as: (1) a wider distribution of VIP-IR axons in lateral lamina I of the dorsal horn forming an almost continuous band of axons in the rostrocaudal direction in comparison to a discontinuous distribution in normal cats, (2) the appearance of rostrocaudal axons in this region where they were not normally present, (3) more extensive contralateral projections to lamina I, and (4) a more extensive ipsilateral projection to lateral lamina VII which contains bladder preganglionic neurons. These observations raise the possibility that C-fiber afferents sprout and contribute to the synaptic remodeling in the spinal micturition reflex pathway that occurs after SCI.
Although changes in VIP-IR in the human spinal cord have not been examined after SCI, changes in peripheral VIP-IR nerves in the urinary tract have been reported. In patients with lower motor neuron lesions which damaged the sacral spinal cord or the cauda equina, a decrease in the density of VIP-IR nerves was detected in the bladder muscle (Crowe et al. 1991; Drake et al. 2000) , suggesting that urinary retention, bladder areflexia, and deficient sensation may be directly linked to neuropeptide neuropathy. On the other hand, in patients with lower motor neuron lesions, there was a marked increase in the density of VIP-IR nerves in the striated muscle of the external urethral sphincter (Milner et al. 1987) . In patients with cord injuries at the cervical or thoracic levels, VIP-IR in the urinary tract was not changed (Crowe et al. 1988) .
Plasticity in C-fiber bladder afferents has also been detected in the rat after SCI. The changes include (1) somal hypertrophy of bladder afferent neurons (45% to 50% increase in cross-sectional area) in the L 6 -S 1 DRG (Kruse et al. 1995; Yoshimura and de Groat 1997b; Yoshimura et al. 1998) , (2) increased expression of PACAP-IR in bladder DRG neurons and expansion of PACAP-IR afferent axons in the lumbosacral spinal cord (Zvarova et al. 2005) , and (3) increased excitability of dissociated L6-S1 bladder afferent neurons due to changes in the properties of Na and K channels (Yoshimura and de Groat 1997b; de Groat and Yoshimura 2005) .
Detailed studies of Zvarova et al. (2005) revealed that 6 weeks after spinal cord injury in the rat, PACAP-IR dramatically increased in spinal segments and DRG (L1, L2, L6, S1) involved in micturition reflexes, but no changes occurred in adjacent spinal segments (L4-L5). The density of PACAP-IR was increased in the superficial laminae (I-II) of the L1, L2, L6, and S1 spinal segments and in a fiber bundle extending ventrally from Lissauer's tract in lamina I along the lateral edge of the dorsal horn to the sacral parasympathetic nucleus in the L6-S1 spinal segments. This is the same region in which VIP-IR increased in the cat after SCI (Thor et al. 1986 ). After SCI, PACAP-IR in cells in the L1, L2, L6, and S1 DRG significantly increased, and the percentage of bladder afferent cells expressing PACAP-IR also significantly increased. No changes were observed in the L4-L5 DRG. PACAP-IR was reduced throughout the urothelium and detrusor smooth muscle after SCI (Zvarova et al. 2005 ). These studies demonstrate changes in PACAP expression in micturition reflex pathways after SCI that may contribute to urinary bladder dysfunction or reemergence of primitive voiding reflexes after SCI.
Nerve growth factor (NGF) has been implicated as a chemical mediator of pathology-induced changes in C-fiber afferent nerve excitability and reflex bladder activity (Yoshimura 1999; Vizzard 2000b) . The levels of neurotrophic factors including NGF increase in the bladder after SCI (Vizzard 2000b (Vizzard , 2006 , and increased levels of NGF have been detected in the lumbosacral spinal cord and DRG of rats after SCI (Seki et al. 2002) . It is known that NGF upregulates PACAP expression in DRG neurons (Jongsma Wallin et al. 2003) , and it has been demonstrated that chronic administration of NGF into the spinal cord of rats induces bladder hyperactivity and increases in the firing frequency of dissociated bladder afferent neurons . NGF seems to contribute to the lower urinary tract dysfunction after SCI because intrathecal application of NGF antibodies, which neutralized NGF in the spinal cord, suppressed detrusor hyperreflexia and DSD in SCI rats (Seki et al. 2002; Seki et al., 2004) . Intrathecal administration of NGF antibodies also blocked autonomic dysreflexia induced by bladder distension in SCI rats (Krenz et al. 1999) .
The increased expression of PACAP in bladder afferent pathways after SCI prompted an investigation of the effects of PACAP in SCI rats (Yoshiyama and de Groat 2008) . In SCI rats, the effects of PACAP-38 were different under different experimental conditions (Fig. 7) . When recording isovolumetric bladder contractions, PACAP-38 (10 and 30 μg intrathecally) produced larger amplitude and longer duration bladder contractions (Fig. 7A and B) . These excitatory effects were enhanced after transection of the hypogastric nerves (HGNs), indicating that PACAP may also activate the sympathetic inhibitory pathway as well as the parasympathetic excitatory pathway to the bladder.
During continuous infusion CMGs in SCI rats with the urethra open to allow voiding, PACAP-38 had a markedly different effect. In doses of 10-30 μg administered intrathecally, the peptide decreased the amplitude of bladder contractions (Fig. 7C ) and suppressed EUS EMG activity. This unexpected result was attributed to the combined effect of PACAP-38 on bladder and sphincter where the excitatory effect of PACAP-38 on bladder activity was masked by a simultaneous inhibitory effect on the EUS (Fig. 5 ) which in turn blocks DSD and reduces urethral outlet resistance. This would indirectly lower intravesical pressure during voiding. A similar effect in SCI rats has been noted after the administration of α-bungarotoxin, a potent neuromuscular blocking agent that selectively suppresses striated muscle activity without altering bladder activity. Alpha-bungarotoxin reduced maximal voiding pressure and increased voiding efficiency by blocking DSD in SCI rats (Yoshiyama et al. 2000) . Because the high dose of PACAP-38 induced overflow incontinence in a majority of SCI animals with only a small increase in intravesical pressure, it is likely that this is due to a combined action to facilitate the spinal parasympathetic reflex to the bladder and inhibit the motor outflow to the EUS.
The pathophysiological role of PACAP in the control of bladder function in chronic SCI rats was studied by evaluating the effect of PACAP6-38, a PAC1 receptor antagonist on bladder activity during continuous infusion CMGs in awake rats . Intrathecal administration of the antagonist reduced non-voiding contractions during bladder filling and reduced maximal voiding pressure, suggesting that activation of PAC1 receptors by endogenous PACAP was contributing to the micturition reflex and bladder hyperreflexia. Because PACAP is contained in C-fiber afferents, it is noteworthy that systemic administration of capsaicin, a C-fiber afferent neurotoxin, produced a similar reduction in non-voiding contractions in SCI rats (Cheng et al. 1995; Cheng and de Groat 2004) .
However, paradoxically, the antagonist also reduced bladder capacity and increased voiding frequency ). This raises the possibility that after SCI, different functions of the bladder may be regulated independently by separate spinal mechanisms and that endogenous PACAP may modulate these different functions by acting on multiple receptors that have opposing effects on bladder function. It is known that PAC1 and VPAC2 but not VPAC1 receptors are present in the sacral spinal cord of the rat . If PAC1 receptors are involved in triggering non-voiding contractions but are also involved in inhibiting the mechanisms that control bladder capacity, then blocking PAC1 receptors with PACAP6-38 could elicit the combination of effects noted in the experiments. Furthermore, if both PAC1 and VPAC2 receptors are activated by endogenous PACAP and mediate opposite effects on bladder capacity, then blocking PAC1 inhibitory receptors would be expected to reduce bladder capacity and enhance voiding frequency. The effect of capsaicin treatment in chronic SCI rats to selectively suppress non-voiding contractions without changing bladder capacity supports the idea that these two functions are regulated independently (Cheng et al. 1995) . This hypothesis should be examined further in future experiments in SCI rats by evaluating the effects of selective PACAP receptor antagonists on bladder and urethral sphincter dysfunction and on the responses of both organs to PACAP-38 and PACAP-27.
Conclusions
The expression of VIP and PACAP in peripheral and central neural pathways regulating the lower urinary tract coupled with the prominent excitatory and inhibitory effects of the peptides on voiding reflexes and the changes in expression and actions of the peptides in pathological conditions raise the possibility that VIP or PACAP may have a role in the regulation of normal or abnormal voiding. However, more detailed in vivo studies are needed using receptor antagonists and receptor knockout animals to clearly establish the contribution of VIP and PACAP to the neural control of the lower urinary tract.
